Abstract. A broad range of membrane functions, including endocytosis and exocytosis, are strongly inhibited during mitosis. The underlying mechanisms are unclear, however, but will probably be important in relation to the mitotic cycle and the regulation of surface phenomena generally. A major unanswered question is whether membrane signal transduction is altered during mitosis; suppression of an intracellular calcium ([Ca2+] A ide range of membrane functions is arrested during mitosis. These include endocytosis (1), transferrin receptor recycling (33, 42) , and the transport of newly synthesized proteins (43) and glycosaminoglycans (29). A major unanswered question is whether hormone membrane signal transduction, including the generation of second messengers, is also altered in mitotic cells. Because AMP levels are generally depressed during mitosis (46), and because the mitotic spindle is disassembled by [Ca2+]~ (13), it seems likely that membrane events that lead to elevations of these second messengers are precisely controlled. Indeed, it now appears that a brief elevation of [Ca2+]~ is essential for nuclear envelope breakdown (37, 39) and is a normal accompaniment of the metaphase-anaphase transition (28). It is reasonable to suppose that the untimely elevation of [Ca2+]~ induced by hormones could adversely affect spindle function.
cluding endocytosis and exocytosis, are strongly inhibited during mitosis. The underlying mechanisms are unclear, however, but will probably be important in relation to the mitotic cycle and the regulation of surface phenomena generally. A major unanswered question is whether membrane signal transduction is altered during mitosis; suppression of an intracellular calcium ([Ca2+]~) transient could inhibit exocytosis; [Ca2+]~ elevation could disassemble the mitotic spindle.
Activation of the histamine H1 receptor interphase in HeLa cells is shown here by Indo-1 fluorescence to produce a transient elevation of [Ca2+]~. The [Ca2+]~ transient consists of an initial sharp rise that is at least partially dependent on intracellular calcium followed by an elevated plateau that is absolutely dependent on extracellular calcium. The [Ca2+]~ transient is completely suppressed by preincubation with the tumor promoter, phorbol myristate acetate, but is unaffected by preincubation with pertussis toxin (islet-activating protein). In mitotic (metaphase-arrested) HeLa cells, the [Ca2+]~ transient is largely limited to the initial peak. Measurement of 45CaZ+ uptake shows that it is stimulated by histamine in interphase cells, but not in mitotics. We conclude that the histamine-stimulated generation of the second messenger, [Ca2+]~, in mitotic cells is limited by failure to activate a sustained calcium influx. The initial phase of calcium mobilization from intracellular stores is comparable to that in interphase cells. Hormone signal transduction thus appears to be altered during mitosis.
A
ide range of membrane functions is arrested during mitosis. These include endocytosis (1), transferrin receptor recycling (33, 42) , and the transport of newly synthesized proteins (43) and glycosaminoglycans (29) . A major unanswered question is whether hormone membrane signal transduction, including the generation of second messengers, is also altered in mitotic cells. Because AMP levels are generally depressed during mitosis (46) , and because the mitotic spindle is disassembled by [Ca2+]~ (13), it seems likely that membrane events that lead to elevations of these second messengers are precisely controlled. Indeed, it now appears that a brief elevation of [Ca2+]~ is essential for nuclear envelope breakdown (37, 39) and is a normal accompaniment of the metaphase-anaphase transition (28) . It is reasonable to suppose that the untimely elevation of [Ca2+]~ induced by hormones could adversely affect spindle function.
It is known that many of the consequences of hormonal stimulation are inhibited during mitosis. Thus, the isoproterenol-stimulated degranulation of salivary cells is specifically suppressed during mitosis (31) , and, more recently, it has been shown that amine secretion by rat basophilic leukemia cells in response to receptor binding of IgE-antigen complexes is also suppressed in mitotic cells (11, 26) . These secretory processes, and other membrane functions described so far, share a requirement for membrane vesicle fusion, and Warren (41) has hypothesized that a defect in membranemembrane fusion is the unifying mechanism underlying altered membrane functions of mitotic cells. However, the critical transduction events preceding membrane fusion have not been examined in detail. Thus, Hesketh et al. showed (11), using the Ca 2+ indicator, Quin 2, that a rise in [Ca2+]~ did occur in mitotic basophilic leukemia cells that bound IgEantigen complexes suggesting that signal transduction was not altered during mitosis, but the magnitude and duration of response were not precisely quantified.
Activation of the histamine HI receptor of HeLa cells rapidly induces a membrane hyperpolarization (9) that is mediated by calcium-dependent potassium channels (35) . The response declines even in the continued presence of histamine, and the cell becomes refractory to subsequent challenge by histamine. Histamine is known to induce a transient elevation of [Ca2+]~ in neuroblastoma cells (24) and smooth muscle (19) . It was expected thus that histamine would induce a
Materials and Methods

Cells
HeLa cells were grown in F-12 medium supplemented with L-glutamine and 7% FBS on tissue-culture plastic. After 3 d, exponentially growing cells were trypsinized and transferred to plastic Petri dishes on which they continued to grow without attachment. After 24 h, the cells were removed and dispersed by gentle aspiration into fresh medium.
Mitotic cells were obtained 15 h after addition of 0.1 lag/ml colcemid to monolayers. The loosely attached mitotic cells were collected by gentle shaking of the plates and concentrated by centrifugation. The mitotic index of the resuspended cells was "~90%. Within l h of removal of colcemid, the entire mitotic population progressed into G1.
Measurement of [Ca2÷]i
[Ca2÷]~ was measured using Indo-1, the fluorescent Ca 2÷ indicator, as described by Grynkiewicz et al. (8) . Indo-I shifts its emission spectrum with Ca 2+ binding. The ratio of emission intensities at two wavelengths is thus related to Ca z+ independent of dye concentration. Fluorescence emission was monitored at 405 and 485 nm with excitation at 355 nm. The figures graph the [Ca2+li calculated according to the following formula:
in which Ko, the Ca2+-dye dissociation constant, was assumed to be 250 nM; s, the ratio of fluorescence at 485 nm of Indo-1 in the presence of EGTA to that in saturating calcium. R,,,ax was determined after cytolysis in 0. 2.2-ml aliquots of cell suspension, ranging from 0.3 to 0.6 × 106 cells/ml, were incubated for 15 min with 1 p.M of Indo-I acetoxymethyl ester (Indo-1 AM) at 37°C, centrifuged and resuspended in 2 ml of warm conditioned medium. The cells were kept in suspension at 37°C by continuous stirring. By centrifuging the suspension at progressive intervals, it was determined that there was no dye leakage over the experimental time course (30 min) with or without histamine treatment. From the dye fluorescence obtained after detergent lysis of the cells, we estimated the dye content to have been "~10 pmol/l& cells or a concentration of ",,5-10 p.M. Fluorescence measurements were carried out in an SLM-8000 spectrofluorimeter equipped with thermostatically controlled cuvette holder and magnetic stirrer.
Pertussis Toxin-mediated ADP-ribosylation
HeLa cells on Petri dishes were incubated 3 h in complete medium + 100 ng/ml pertussis toxin (List Biological Laboratories, Campbell, CA). The control and pertussis toxin-treated cells were then collected, centrifuged down, washed once, and resuspended in 250 ~tl of ice-cold buffer of the following composition: 0.1 M sucrose; 5 mM Tris-HCl, pH 7.2; 2 mM EDTA; 0.25 mM diisopropylfluorophosphate (DFP); and 1 mM DTT. The cells were then disrupted by sonication by two 10-s exposures to the tip of a Kontes microuitrasonic cell disrupter with the tune dial set on 5. The resulting homogenates were then tested for ADP-ribosylation using procedures modified from Okajima and Ui (25) and Goldman et al. (7) . Samples were incubated for 30 rain at 30°C in an assay medium containing: 87 mM su-1. Abbreviations used in this paper: AM, acetoxymethyl ester; DFP, diisopropylfluorophosphate; DG, diacylglycerol; IP3, inositol-tris-phosphate; NEBD, nuclear envelope breakdown; PIP, phosphoinositide-bis phosphate; PKC, protein kinase C. crose; 4.3 mM Tris-HC1, pH 7.2; 0.22 mM DFP; 1 mM ATP; 12 p.M NAD; 67 p.Ci/ml [ct-~2P] NAD; 0.67 mM DTT; 6.7 mM K2HPOa; 10 mM thymidine; 0.67 mM EDTA; 2.5 mM MgCIz, and, when present, 16.7 lag/ml pertussis toxin. Before addition to the mix, pertussis toxin was activated by 10 min incubation at 37°C in a solution of 100 mM potassium phosphate buffer, pH 7.5, containing 10 mM DTT.
Reactions were stopped by addition of SDS sample buffer (final concentration 3% SDS; 5% glycerol; 10 mM Tris-HCI; pH 7.8; 2% IB-mereaptoethanol; 0.02% bromophenol blue). Samples were then boiled for 5 min and electrophoresed on an 1 ! % acrylamide gel according to Laemmli (16) . After electrophoresis, results were analyzed by exposing an XAR-5 Kodak film to the dry gel.
~Ca 2+ Uptake
Rapid measurements of 45Ca2+ uptake were made by centrifuging cell suspensions through Versilube F-50 oil (20) . Cells were resuspended in conditioned medium and incubated with gentle agitation for 15 min at 37°C. Aliquots of 0.4 ml containing ,x,4 ×10 s cells were pipetted onto Eppendorf centrifuge tubes containing 0.5 ml of Versilube F-50 oil previously equilibrated at 37°C. Histamine at a final concentration of 12 p.M was rapidly added in a relatively large volume, usually 0.2 ml, to promote mixing, and the samples were allowed to remain at 37°C for an additional 2 min. 0.2 ml of conditioned medium containing 1.3 p.Ci of 45Ca2+ were then added, giving an estimated specific activity of 4.3 f.tCi/p.mol. Thus, uptake of 45Ca2+ was studied during the plateau phase of the [Ca2+]~ transient. At the end of the incubation period, the cells were centrifuged through the oil, the aqueous medium and the oil were carefully removed, and the tip of the tube containing the pellet was cut off with a razor blade. The pellet was then dissolved with 0.5 ml of acetic acid, ACS (Amersham Corp., Arlington Heights, IL) was added, and the values of radioactivity were determined in a [3 counter.
Results
[Ca2+]i in lnterphase Cells
In interphase HeLa cells, histamine induced a dose-dependent increase in intracellular free calcium [Ca2+]~ (Fig. 1  A) . Histamine concentrations >12 ~tM did not increase or prolong the response. The [Ca2+]~ transient was blocked by the specific H1 antagonist, pyrilamine (0.1 It-M), but not by the H2 antagonist, cimetidine (0.1 mM) (not shown). In these experiments, the transient was generally characterized by a spike followed by a sustained plateau. In some instances, the [Ca2+]~ decreased gradually from its initial maximal elevation; no clear peak was apparent. Removal of extracellular [CaZ+]~ (Fig. 1 B) left a reduced spike with no sustained elevation. This suggested that the entire plateau phase and at least a part of the initial [Ca2+], rise were dependent on ~x-tracellular Ca 2+. Only the initial elevation appeared dependent on mobilization of intracellular calcium stores.
The Histamine-induced [Ca2+]~ Transient is Blunted or Abolished by Phorbol Myristate Acetate (PMA )
Mobilization of intracellular calcium is likely to be mediated by (1, 4, 5) inositol-tris-phosphate (IP3) (2). It is generated by cleavage of phosphoinositide-bis phosphate (PIP2) with the concomitant production of (1,2)diacylglycerol (DG). DG is an activator of protein kinase C (PKC) and phorbol ester tumor promoters, which are potent surrogates of DG, activate PKC directly (36). The tumor promoter PMA has been shown in other systems to dampen the ligand receptor-induced calcium transients (e.g. DiVirgilio et al. [5] ).
Preincubation of cells for as little as 2 min with 100 nM PMA almost completely blocked the histamine-induced response (Fig. 1 C) . The nontumor promoter isomer 4-a-phorbol-12,13-didecanoate at 1.6 ~tM had no effect (not shown). 
Pertussis Toxin Does Not Affect the Histamine Response
Since calcium mobilization by some hormones appears to be transduced by membrane-associated GTP binding proteins (G proteins) that are blocked by pertussis toxin, we asked if preincubation of intact HeLa cells with pertussis toxin affected the [Ca2+]i transient. Fig. 2 A shows that such preincubation did not affect the transient. It was possible, however, that in intact cells the toxin had not gained access to its substrate. Further studies showed this was not the case. Pertussis toxin effects the ADP-ribosylation of the 40-kD ct subunit of the G/Go oligomer (14, 22) . We determined if this had occurred during preincubation of cells with the toxin by examining the extent of ADP-ribosylation that could be catalyzed in homogenates: if the ADP-ribosylation site were saturated, no further conjugation would be possible. tussis toxin substrate appears to regulate the opening of K +-channels (34), but is similar to the H1 system described by Nakahata in astrocytoma cells (21) and to the muscarinic system described by Masters et al. (18) .
Rapid Downregulation of the Calcium Response
If cells were stimulated with as little as 50 nM of histamine and then histamine was added at concentrations up to 1-10 ~tM, no increase in [Ca2+]i was observed (not shown). Hazama et al., in their report of the effects of histamine on the membrane potential of HeLa cells, also found a rapid loss of responsiveness (9) .
[CaZ+]~ in Mitotic Cells
Armed with this characterization of the [Ca2+]~ transient in interphase cells, we examined histamine membrane signal transduction during mitosis. Fig. 3 A shows The half-maximal response of the peak was between 2 and 5 pM histamine in both interphase and mitotic cells. However, the plateau of [Ca2+]~ manifested by interphase cells was markedly reduced in mitotics. Even the small residual plateau may be attributed at least in part to the presence of "~10% interphase cells present in the mitotic population.
Addition of 0.1 pM colcemid, the concentration used to obtain metaphase arrest, to interphase HeLa cells for 3 h (microtubules were completely disassembled by 30 min; not shown) had no effect on the [Ca2+]~ transient.
To quantify this difference in the shape of the [Ca2+]~ transient and to assess whether the peak height was a determinant of the plateau, we plotted the increment of [Ca2+]~ effected by various histamine concentrations at the peak, versus the increment of [Ca2+]~ 2 min after the addition of histamine (plateau) for 15 experiments with mitotic cells and 18 with interphase (Fig. 3 B) . It is seen that after the same rise in [Ca2+]~ at the peak, the [Ca2+]~ increment at the plateau is consistently much lower in mitotics (discs) as compared with interphase (squares). Indeed, from the slope of the line (fitted by least squares) that essentially goes through the origin, the ratios of the change in [Ca2+]~ at the peak to that at the plateau were 6.5 for mitotic cells and 1.8 for interphase cells. In mitotics, total [Ca2+]~ did not exceed 200 nM during the plateau at any histamine dosage.
As for interphase ceils, the [Ca2+]~ transient in mitotics was completely suppressed by preincubation with PMA. Preincubation with pertussis toxin also effected the ADPribosylation of a 40-kD protein, but as for interphase cells, did not alter the [Ca2+]~ transient.
Because the plateau in interphase cells was shown to be dependent on extracellular Ca 2+ (Fig. 1 B) , it was expected Fig. 3 C) ; compare Fig. 1, A 
Uptake of 45Ca 2+
To examine the influx directly, we measured the uptake of 45Ca 2+ by suspensions of interphase or mitotic cells under conditions that were identical to those used to measure the [Ca2+]~ transient. Fig. 4 illustrates a representative experiment (one of three) showing the time course of uptake. To focus on events during the plateau in which the [Ca2+]~ elevation appeared to be dependent entirely on extracellular calcium, 4SCa2+ was added 2 min after the addition of histamine. The nonzero ordinate at time zero corresponded to the amount of 45Ca2+ trapped in the pellet. Uptake by interphase cells (solid lines) was sharply stimulated by histamine. Uptake by mitotic cells (dashed lines) was actually depressed slightly by histamine in this experiment.
Discussion
These results establish first that in HeLa cells, histamine, via H1 receptors, induces a rise in [Ca2+]i. The rise consists of an initial elevation that is at least partially due to mobilization of intracellular stores, and a longer sustained elevation that depends entirely on the availability and accelerated uptake of extracellular Ca 2+. Presumably this rise would activate the K+-channels described by Sauve et al. (35) muscle (3) , and in other systems appear to mediate Ca 2+ release from intracellular stores (2) . We assume that IP3 is at least one of the mediators of the initial Ca 2+ elevation observed in our study. The mechanisms controlling Ca 2+ influx, on the other hand, are more obscure. IP3, acting through some special compartment that abuts plasma membrane, has been suggested as a possible mediator of Ca 2+ influx in nonexcitable cells (e.g. reference 30), and Kuno and Gardner (15) have shown that IP3 can directly activate calcium channels in membrane patches excised from human T lymphocytes. The specific reduction of this phase of the histamine response in mitotic cells may provide a useful model for analysis of the influx mechanism.
It is possible that differences in interphase and mitotic H1 receptors contribute to the observed differences in [Ca2+]~ transient. The number of surface H1 receptors that would be available to exogenous histamine is unclear, both because the measurement of surface HI receptors is problematical and because histamine as a univalent cation may have access to intracellular receptors. However, several observations indicate that the kinetic properties of the receptor are not the basis for the observed differences in interphase and mitotic cells. First, the concentration at which 50% of maximal release was seen, was between 2 and 5 lxM for both interphase and mitotic cells; second, the minimum dose that consistently yielded a response, 50 nM, and the dose required for a maximum response, 12 IxM, were the same for both. Most importantly, as shown in Fig. 3 , at the same peak [Ca2+], the plateau is markedly depressed in mitotics.
The rapid downregulation of the H1 response may be explained through activation of PKC by DG (the byproduct of phosphoinositide bis-phosphate cleavage by phospholipase C that yields IP3) (2). This is strongly suggested by the suppression of the [Ca2+]~ transient by the DG surrogate, PMA (Fig. 1 C) . It should be emphasized, however, that both phases of the [Ca2+]~ transient are suppressed by PMA, and hence, PKC activation is unlikely to explain differences in the [Ca2+]~ transient between interphase and mitotic cells. This needs more careful examination. There appears to be a specific increase in phosphorylation of several proteins during mitosis (27, 44) .
What is the mechanism underlying the specific inhibition of histamine-stimulated Ca z+ influx in mitotic cells? There are three possibilities: (a) the generation of IP3 or another intermediate that activates the Ca 2÷ transporters, presumably Ca channels, is inhibited; (b) the channels are biochemically inactivated; or (c) they are physically removed from the surface. That the peak [Ca2+]~ is comparable for interphase and mitotics suggests that at least the initial generation of IP3 and the mobilization of intracellular calcium stores are not affected. Precedents exist for both inactivation and removal mechanisms. Inactivation or inhibition of calcium channels by phosphorylation, or interaction with G proteins is well established (12). On the other hand, the selective removal of surface constituents during mitosis has also been described. Warren et al. showed this for transferrin receptors, which are internalized during prophase and metaphase and subsequently recycled to the cell surface (42) . There is also limited precedent for the insertion of ion channels and transport systems via exocytosis of membrane vesicles. The proton-secreting membrane ATPase of turtle bladder (4, 40) and sodium channels of the rabbit urinary bladder (17) ap-pear to be inserted into the apical membrane of their epithelia in this way. Neither mechanism is established by our experiments. However, there are important limitations to regulation by internalization of calcium channels that, in our opinion, make it a less likely mechanism. An internalization of channels within vesicle membrane would involve the concomitant internalization of extracellular calcium. Such channels would still be exposed to the same presumed cytoplasmic factors generated by H1 receptor activation that in interphase cells induce calcium influx from extracellular fluid. An influx from the vesicle store would then occur down the same electrochemical gradient that affects influx from the extracellular medium. Note that vesicles would contain calcium at its extracellular concentration, here ~400 IxM, whereas [Ca2+]~ is ~o0.1 lxM. The magnitude of this concentration difference also makes it unlikely that the content of vesicle calcium would be limiting. Obviously, other regulatory mechanisms could be superimposed on the internalized channel, but in its simplest form, a selective internalization of calcium channels during mitosis appears unlikely.
In 
